Larvae of the gastropod mollusc Haliotis rufescens are induced to settle from the plankton and metamorphose in response to exogenous y-aminobutyric acid (GABA) and a number of GABA-mimetic compounds, including a GABA-mimetic inducer uniquely associated with the surfaces of the naturally recruiting algae. Previous evidence has shown that recognition of these inducers is mediated by specialized chemosensory receptors on the larval epithelium and that transduction of the morphogenetic signal then is mediated by cAMP and excitatory depolarization. We demonstrate here the specific and saturable labeling of a population of larval receptors with the GABA analog f-(p-chlorophenyl)-
(iii) (-)-[3H]baclofen specifically bound to the receptors is shed from the larvae after %20 hr, at the time corresponding to the metamorphic abscission and shedding of sensory cilia and other structures from the larvae; and (iv) the availability of the receptors for labeling and the ability of the larvae to respond to GABA and GABA analogs can be down-regulated in parallel by habituation of the larvae early in their development. These down-regulated larvae are fully capable of settlement and metamorphosis in response to agents that elevate intracellular cAMP or depolarize the chemosensory membrane, confirming that down-regulation is confined to the receptors, with no effect on the postreceptor pathway. The results reported here thus suggest that the sensitivity of marine invertebrate larvae to morphogenetic stimuli from the environment can be downregulated by reduction in the number of chemosensory receptors available for interaction with the molecules that induce settlement and metamorphosis. In this respect, chemosensory receptors for environmental and morphogenetic signals are demonstrated biochemically to respond to habituation in a similar manner to neuronal and hormonal receptors.
Larvae of many benthic marine invertebrate animals, after dispersal in the plankton, are induced to settle and metamorphose only upon recognition of specific substrata (1) (2) (3) (4) (5) (6) (7) (8) . Larvae (0.2 mm) of the Pacific red abalone, Haliotis rufescens, a gastropod mollusc, are induced to settle, attach to substrata, and metamorphose by chemosensory recognition of y-aminobutyric acid (GABA)-mimetic molecules that are uniquely associated with the surfaces of crustose red algae (9, 10) . These purified natural inducers alone, GABA, and a number of GABA analogs are sufficient to induce this genetically programed behavioral and morphogenetic sequence (11) (12) (13) (14) ; in the absence of such inducers, the larvae do not settle or metamorphose (11) (12) (13) (14) . Previous evidence had shown that recognition of these inducers by the Haliotis larvae is controlled by specialized chemosensory receptors located on the externally available larval epithelium (15) (16) (17) (18) (19) ; that the inducing signal is transduced by receptor-dependent changes in cAMP concentration (14) and an induced ion flux across the chemosensory membrane, producing an excitatory depolarization of the membrane (17) ; and that larval responsiveness to the GABA-mimetic signals can be reduced (or down-regulated) by habituation of the larvae prior to their development of competence to undergo settlement and metamorphosis (18) . We report here the biochemical labeling and characterization of the chemosensory receptors controlling the settlement and metamorphosis of Haliotis larvae in response to exogenous GABA and GABA-mimetic molecules. These results also demonstrate that the chemosensory receptors controlling settlement and metamorphosis are subject to down-regulation, reducing the number of receptors available.
MATERIALS AND METHODS
GABA, isobutylmethylxanthine (iBuMeXan), and Tris were from Sigma, as were penicillin G, dihydrostreptomycin sulfate, and rifampicin. 3-Aminopropanesulfonic acid (3-APS) was from City Chemical Corporation (New York). Muscimol was from Fluka. The (+), (-) , and racemic forms of the GABA analog P3-(p-chlorophenyl)-GABA (baclofen) were generous gifts from CIBA-Geigy. Haliotis larvae were produced and reared as described (11) (12) (13) (14) . Spawning was induced by exposing gravid adult animals to hydrogen peroxide. The resulting male and female gametes were collected, rinsed, and mixed under controlled conditions. Following fertilization, embryos and larvae were maintained at 15°C ± 1°C in fresh, flowing seawater that had been subjected to 5-,um 
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± 1PC in 400 ml of MBL seawater containing 2 pug of rifampicin per ml. Seawater media were changed daily in all experiments in which >24 hr separated the beginning of preincubation and the challenging of larvae with inducer.
All assays for induction of larval settlement, attachment, and metamorphosis were performed in duplicate, in glass vials, in a final volume of 10 ml, at 150C, essentially as described (11, 14) . Each vial contained MBL seawater, potential inducing compounds at the indicated concentrations, and 2 ,g of rifampicin per ml. All chemical solutions were prepared using MBL seawater alone as the solvent; these were adjusted to pH 7.8 (equivalent to the pH of MBL seawater at 150C), as measured with a Radiometer pH meter equipped with a GK 2401C electrode. Assays were begun by adding from 100 to 200 fully competent larvae (14) to each vial. At the times indicated, the percentage of larvae that had settled and attached to the glass in each vial was determined using a light microscope.
Quantitation of inducing compound specifically bound per abalone larva was performed using (-) (26) . EC50 values (mol/liter) for biological effectiveness were determined by logit-logarithmic analyses of data from parallel experiments in which larvae were assayed for responsiveness to additions of the indicated compounds, as described (11) (12) (13) (14) . In these assays, larvae (200 ± 50) were incubated in duplicate samples; the percentage of larvae showing plantigrade attachment after 20 hr was determined by microscopic examination. the velum (containing the propulsive swimming cilia) and the sensory cilia of the cephalic apical tuft (14) .
The abilities of the unlabeled GABA-mimetic compounds (-)-baclofen, GABA, muscimol, and 3-APS to compete for the specific binding by larvae of (-)-[3H]baclofen correlates well with the activities of these compounds as inducers of larval metamorphosis ( Fig. 2; Two groups of sibling larvae of H. rufescens were incubated in parallel, from day 3 (postfertilization) onward, in 400-ml volumes of 0.2-,um filtered, ultraviolet-sterilized seawater containing 2 Mg of rifampicin per ml, at 15'C; larvae were rinsed on a nylon screen and the incubation medium was changed daily (18, 19) . One group of larvae was down-regulated by exposure to 10 IMM GABA during days 3 and 4 postfertilization; the other group was not exposed to GABA during this period. On day 7, the binding of (-)-[3H]baclofen by larvae was measured as described in the legend to Fig. 2. central nervous system, including the GABAA receptor [where muscimol is the most potent (27, 28) ] and the GABAB receptor [where (-)-baclofen and GABA are approximately equipotent (29) (30) (31) ]. In experiments similar to those shown, we have found that the receptors characterized in these studies are stereochemically specific; (+)-baclofen is several orders of magnitude less effective than the (-)-enantiomer, in competition for the labeled receptors and in the induction of metamorphosis. The inductive GABA-mimetic compound (ca. 1000 daltons) partially purified from the natural recruiting algal substrate Lithothamnium californicum (9-13) also competes for the labeled receptors, thus confirming that the natural inducer interacts with the same receptors on the larvae that bind GABA and its analogs (25) .
The exposure of precompetent Haliotis larvae to GABA or GABA analogs results in a desensitization (habituation) ofthe larvae, reducing their subsequent ability to settle and metamorphose in response to GABA-mimetics at a time when their nonhabituated siblings become fully competent for such responses (18) (Fig. 3) . Measurements of receptor binding in habituated larvae (Table 1) indicate that this down-regulation is correlated with a reduction in the amount of [3H] baclofen that the larvae can bind to their specific (i.e., saturable) receptors; there is no change, however, in the affinity (1/Kd) of the larval receptors for baclofen. These findings suggest that the down-regulation of larval ability to respond to GABA-mimetic inducers of metamorphosis is a result of the reduction in the number of functional receptors available for interaction with the inducing molecules. As is the case in other systems in which ligand interactions down-regulate the number of receptors, we have found the desensitization of Haliotis larvae to be directly dependent on the concentration of ligand in the first habituating exposure and long-lasting (18) .
Larvae that have been subjected to precocious exposure to GABA become insensitive to morphogenetic induction by GABA, baclofen, muscimol, and the GABA-mimetic 1000-dalton inducer purified from the alga Lithothamnium (18) , all of which can compete for specific binding at the metamorphosis-controlling receptor. However, such pretreated larvae remain fully capable of normal settlement and metamorphosis in response to iBuMeXan and increased external concentrations of potassium ion (Fig. 3) . iBuMeXan is an inhibitor of cAMP phosphodiesterase shown to be effective in raising intracellular cAMP concentrations in Haliotis (32); potassium ion has been shown to depolarize an externally accessible membrane controlling settlement and metamorphosis of Haliotis larvae (17) . An increase in intracellular cAMP and excitatory depolarization of the chemosensory cell membrane have been identified as early steps in the postreceptor pathway of signal transduction controlling settlement and metamorphosis in these larvae (14, 17) ; either alone is sufficient to induce complete metamorphosis, bypassing the requirement for receptor activation. The results in Fig. 3 thus demonstrate that desensitization of the larvae by precocious exposure to GABA is a result of inactivation or down-regulation of the receptors; the postreceptor pathway of signal transduction and end-organ response remains intact and functional.
DISCUSSION
Hadfield first observed that premature exposure of Phestilla (nudibranch) larvae to their natural morphogenetic inducer (a soluble, low molecular weight compound from the coral Porites compressa) results in desensitization of the larvae to this compound (6) (7) (8) . He has suggested that this phenomenon, which is followed by a gradual recovery of larval responsiveness to the inducer, might enhance the geographic dispersion of larvae before settlement (6) (7) (8) . In the case of Haliotis, we have observed a time-dependent recovery of responsiveness of larvae from the down-regulated state that would be consistent with the synthesis or maturation of new receptors (18) .
The fact that the binding of morphogenetic inducers to the Haliotis receptors is noncooperative, whereas the biological response has been shown to be cooperative as a function of inducer concentration (18, 19) , suggests that cooperativity occurs at a postreceptor level of signal transduction and amplification (15, 18) . This suggestion has been confirmed by independent biochemical analyses of the signal transduction pathway and its regulation (G. Baxter and D.E.M., unpublished).
The findings reported here are potentially significant for two reasons. (i) They describe the biochemical labeling and characterization of larval receptors that can be directly related to the settlement and metamorphosis of the planktonic larvae of a marine species. Although the existence of such receptors has long been postulated (1) (2) (3) (4) (5) (6) (7) (8) (11) (12) (13) (14) (15) (16) , we are aware of no previous biochemical demonstration of their existence. (ii) These findings demonstrate that the response of larvae to inducing molecules can be modulated by alterations in the number of functional receptors for the molecules. This mechanism of regulation, which is known to occur in a variety of other receptor-mediated responses to amino acids (33, 34) , neurotransmitters (35, 36) , hormones (37, 38) , and growth factors (39) , is thus shown to be also operative in a chemosensory system that controls behavior and development in response to environmental signals.
